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Abstract 
This paper demonstrates the potential of the quartzite as an economic and efficient filler material in thermal oil direct thermocline 
storage system. This natural rock appears as a good candidate for thermal energy storage by sensible heat up to 350 °C.  
In the present study, many experiences were conducted in order to choose the best rock among five varieties (quartzite, basalt, 
granite, hornfels and marble) which are found abundant in Morocco. The optimal rock was selected according to various criteria 
such as surface characteristics, porosity, density, calorific capacity, hardness, mechanical resistance. The chosen rock should also 
provide a thermal stability during energy exchange with the heat transfer fluid (HTF). It should be noted that choice of the rocks 
as a filler material may reduce the quantity of the HTF used for charging and discharging the thermal energy. Hence, the 
shrinkage of tank volume by thermocline sensible heat storage system using rocks as filler materials allows reducing the cost 
with an increase in the efficiency of the system. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
Solar thermal power plants are considered as a key technology for electricity generation from renewable energy 
resources [1]. In the last years, concentrated solar power (CSP) has drawn the attention of the energy utilities all 
over the world. Its operating principle is based on capturing energy from solar radiation, transforming it into heat  
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Nomenclature 
CSP ConcentratedSolarPower 
TES ThermalEnergyStorage 
HTF HeatTransferFluid 
TGA ThermogravimetricAnalysis 
DSC DifferentialScanningCalorimetry 
XRS X-rayFluorescenceSpectrometer 
and generating electricity by using steam turbines, gas turbines or Stirling engines. However, solar energy is known 
for its intermittent nature that may be quite predictable and not suitable for base load electricity generation without 
an energy backup system [2]. For this purpose, TES system is required to be attached to solar collectors in order to 
regulate the mismatch between energy supply and energy demand [3]. The period of heat production can be 
extended and exploited during night time or cloudy days. Thermal energy can be stored as sensible heat, latent heat 
or chemical energy [4]. In sensible heat storage, heat is exchanged without phase transition between two materials in 
an isolated system. Latent heat is stored in phase change materials. In case of thermo-chemical storage, this 
technique involves a chemical reaction [4].  
Developing efficient and inexpensive installation of TES and increasing its reliability is the principal object of 
current research [5, 6]. There are different ways or techniques to store energy such as thermocline systems. This 
technique is efficient for heat exchange, because of the direct contact between the HTF and storage materials. It has 
been developed since the 80s, based on a single tank which separates the hot fluid and the cold fluid by a thermal 
gradient. Indeed, the energy stored in this case depends on the material used. The advantages of the thermocline 
system are: a decrease of the storage tanks cost (thermocline system is about 35 % cheaper than the two tank storage 
system according to Brosseau and al [7]), and a possibility to use inexpensive solid filler materials [8, 9]. Hasnain 
[10] reported that the available solid materials which can be used for low as well as high temperatures heat storage 
are metals, sand, bricks, rocks, concrete and ceramic. It’s known that some materials such as concrete and ceramics 
are industrialized. Therefore, choosing natural rocks as filler material may reduce the cost and also the quantity of 
the HTF used for charging and discharging energy up to 80% in the tank [11]. Furthermore, rocks are non-toxic, 
non-flammable and act both as heat transfer surface and storage medium [12]. Concerning the properties that must 
be taken into account in assessing the storage material, Ismail and Stuginsky [13] conducted an analytical study on 
possible fixed bed models for phase change materials and sensible heat storage and presented a detailed report on the 
effects of various parameters on the performance. They report that the relevant thermophysical properties of storage 
material are thermal capacity, thermal conductivity and particle size. Another study of the effects of storage material 
properties on the thermal behavior of packed beds during charging realized by Aly and El-Sharkawy [14], showed 
that the specific heat of the storage material affects the thermal behavior of the packed bed in the same general 
manner as the density, where its increase causes a higher rate of charging and greater storage capacity. Hence, low 
cost, density, heat capacity and thermal conductivity are decisive criteria for choosing the best rocks that will store a 
significant amount of solar energy according to their importance. 
On the other hand, the HTF also plays an important role in the profitability of TES system or thermocline. It must 
be operating to higher temperatures to improve power cycle efficiency. In fact, using molten salts as HTF may raise 
the solar field output temperature to 450-500 °C. The major challenge of this HTF is its high freezing point, leading 
to complications related to freeze protection in the solar field [15]. However, the thermal oil especially synthetic oil 
allows transferring a large amount of thermal energy because of its high specific capacity and conductivity. In 
addition thermal oil may reach a high temperature of about 393 °C [16] and has a low freezing point (< 25 °C). 
These properties will minimize the complication during operation of the solar plant. Since HTF will be in direct 
contact with the storage material, we must take into consideration the porosity of the rocks during the selection. 
Chosen Rock should have a low porosity to prevent the oil infiltration, which may cause its degradation. Therefore, 
mechanical resistance and hardness are measured in order to evaluate the internal cohesion of the rock and its 
strength to bear external mechanical stresses. Furthermore, rock chemical composition and mineralogy are also 
determined. This last point is especially important, as it could permit to prevent corrosion of the HTF by revealing 
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the precursor elements and the degradation of the rock caused by the destruction of hydrothermal minerals at high 
temperature. The determination of structure and texture allows assessing the rock surface and prevents possible 
cracking. The experimental results are discussed in this paper. 
The most papers found in the literature discuss about testing rocks in system of storage solar energy using air as 
HTF [17-19].  
2. Materials and methods 
2.1. Description of material storage 
Potential rocks for energy storage are selected according to their abundance in Morocco and their particular 
properties. The specifications of preferred rocks discussed in literature, are summarized in Table 1.  
Table 1.Specification given in literature of chosen rocks [20-22]. 
 
In the present study, samples of rocks were collected from different regions in Morocco. A detailed geological map 
has been prepared in order to describe the sample locations as shown in Figure 1. 
 
  
 
Fig.1. Samples locations in the map of Morocco 
Rocks Type Porosity % 
Density  
kg. m-3at 
20°C 
Uniaxial 
compressive 
strength  
MPa 
Isobaric 
specific heat 
Capacity  
J kg-1 K-1 at 
20°C 
Conductivity 
W/m. K  
 at 25°C 
Thermal 
Capacity  
kJ m-3K-1 
Granite (Grt) igneous 1.02 - 2.87 2530 - 2620 100 – 300 600 -1200 2.8 1440 - 2880 
Basalt (Blt) igneous 0.22 - 22.1 2210 - 2770 100 – 350 800 -900 2 1750 - 2500 
Quartzite (Qtz) metamorphic 0.40 - 0.65 2510 - 2860 150 – 300 700 -1000 7. 7 3822 
Marble (Mar) metamorphic 0.65 - 0.81 2610 - 2670 50 – 200 1470 3.2 1680-2520 
Hornfels (Hor) metamorphic 0.8 - 2.3 2400 - 2800 100-200 700 -900 1.5 2560-2880 
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2.2. Methods applied 
Firstly, all samples of each type of rock defined previously were subjected to petrographic study (macroscopic 
and microscopic examination). The rocks were investigated macroscopically through the naked eye and a 
magnifying glass for their identification. The examination is made on the basis of visible criteria (shape, color, grain 
size, hardness and presence of carbonated elements detected by reaction to acid ...) and it was performed in the 
natural state of the rock as seen in Figure 2a, due to the weathering and sawing, which sometimes affect the surface 
of the rock and make it difficult to identify. In addition to the macroscopic description, samples were subjected to 
both tests in order to assess their hardness and reaction with hydrochloric acid (HCl). The hardness test is based on 
the Mohs scale which classifies minerals according to their hardness ranging from the softest (talc; N°1) to the 
hardest mineral (diamond, N°10). The test of hydrochloric acid (10 to 20% w/v) is performed to distinguish 
carbonate rocks of clay minerals, gypsum and siliceous. 
Macroscopic characterization is followed later by thin section microscopy as shown in Figure 2b using a 
polarizing microscope. Major minerals and structure types (heteroblastic, homeoblastic or granoblastic) were 
determined.   
The test of physical properties was performed on the saw-cut specimens as per ASTM C373-88 [23] (Figure 2c). 
Regarding a mechanical property, several cubes were prepared for determining the compressive strength of each 
rock using the compression pressure gauge.  
Geochemical and thermal analyses were conducted using a fine powder of each sample. X-Ray Fluorescence 
spectrometry (XRS) was applied to determine geochemistry of samples. Thermogravimetric analysis (TGA 
instruments model Q 500) was used to determine their weight losses at high temperature and finally differential 
scanning calorimetry (DSC instrument model Q 100) was applied to measure the heat capacity of the selected rocks. 
These measurements were made by varying the temperature in the range from 25 °C to 400 °C under a N2 flow of 60 
ml/min (O2 of 10 ml/min for TGA) and a heating rate at 10 °C/min. Samples mass was kept between 10 to 20 mg. 
All specimens were analyzed thrice in order to ensure measurements reproducibility.  
At a fixed temperature, the heat capacity of the sample was determined by the following equation [24]: 
 
 
 
 
M: Sample weight (mg)                     
H: Heat flux (mW)                                         
Hr: Scan rate (°C/min)      
E: Calibration constant                     
 
 
 
 
 
 
 
 
 
Fig.2. Samples preparation for the various studies: (a) specimens in the natural state, (b) specimen thin section, (c) saw-cut specimens 
M×Hr
60×H×ECp  
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3. Results and discussions 
3.1. Petrography and Geochemistry 
Petrographic study is divided into two main parts: macroscopic and microscopic observations. Table 2 presents 
the main macroscopic features of the studied samples and Figure 3 shows their microscopic description according to 
their texture and constituent minerals (Appendix).  
All rocks studied are from Morocco and they are distinguished by their diversity regarding color, structure, 
texture, minerals and hardness. Despite its compactness, marble is the only carbonated rock (calcite and dolomite) 
which presents a low to medium hardness. This feature may limit the lifetime of the rock causing its early 
degradation. Basalt presents a massive structure like all other studied rocks. However, it is composed of fine and 
dark grain which could affect the HTF causing its deterioration. On the basis of microscopic observation, it is noted 
that the granite and hornfels are composed of hydrothermal minerals (muscovite and biotite) which can deteriorate at 
high temperature, especially a granitic rock. This theory is proved by the thermogravimetric analysis afterward. 
Concerning the quartzite, this rock is very hard and distinguished by a cemented aspect, composed mostly of quartz. 
This mineral is known by its high thermal conductivity (7 W/m K) which is one of the important criteria for the 
storage of solar energy. 
 
Table 2. Results of macroscopic examination of the varieties of rocks studied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.3. Microphotographs of the rocks studied (A: Granite, B: Basalt, C: Quartzite, D: Marble, E: Hornfels) 
Rocks Macroscopic description Hardness Test HCl 
Grt Massive rock with gray clear color and rough surface. Grains are joined and present an average size between 1 and 4 mm. high - 
Blt Massive and homogeneous rock with a black to dark green color. This rock 
presents a few vacuoles, very fine grained and shiny and sometimes oriented. 
medium to 
high - 
 Qtz Massive rock, locally heterogeneous and microcracked. It has a light gray to 
yellow color, it presents also iron oxide and fine grain to invisible. very High - 
Mar Massive and compact rock with pinkish gray color. Average grain size from 1 to 
2 mm. It presents a meshed appearance and bright surface. 
low to 
medium 
 
+ 
 
Hor Massive and heterogeneous rock with green color and cornel appearance. Some 
visible crystals appear on a very fine-grained and glossy background. medium - 
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Geochemical characteristics study of the rocks provides information about the element that can affect the HTF 
(thermal oil) and may cause a possible nuisance of the storage unit. Table 3 reports the results obtained in 
percentage. The overall analysis of geochemical data presented in Table 3 reveals big contrast assessments where 
every variety of rocks is characterized by its own chemistry. The element iron is present with values quite marked in 
basalt (10.92 %). This result is confirmed in literature [25]. It should be noted that the iron can be combined to 
hydroxyl element, causing then the decay of the HTF. While the percentage of combustion elements is observed 
predominately in the marble (loss on ignition (L.I) = 43.05%). The abundance of carbon elements noted explains the 
effervescence occurred during the test of hydrochloric acid that was cited previously. On the other hand, carbonated 
element that contains the marble can produce the carbon dioxide (CO2) from the dissociation of CO3 under the rise 
of the temperature. This gas may create an increase in pressure of the storage unit leading to its burst if it is not 
connected to the safety valves. The granite and hornfels show a composition mostly of silica (69.74 and 63.40% 
respectively) with relatively high contents of alumina (14.30 and 21.70% respectively) and a minimal amount of 
alkali metals and iron. The quartzite is the rock that contains the highest quantity of silica of about 94.50 % with a 
few traces of other elements. 
The geochemical data shows that the marble and basalt present unfavorable potentials in contact of the HTF and 
can lead to a serious consequences during operation of the solar system. 
Table 3. Geochemistry of rocks studied given in percentage (%). 
 
 
 
 
 
 
 
 
3.2. Thermal and Physico-Mechanical Characterizations 
x Physical and mechanical properties  
Porosity can be classified into different types: total porosity, open porosity, and connected porosity [23]. The 
total porosity is simply the fractional volume of all void spaces inside a porous material. The connected porosity is 
the volume fraction of pore spaces that are fully interconnected between two opposite end faces and allowing the 
fluid to flow through the material. This porosity is classically quantified by permeability measurement. While the 
open porosity, considers only the proportion of voids that are communicated with the outside of the sample. 
In this part, we measured the open porosity which is distributed and available at rock surface. In this case, open 
porosity can also report the cracks of the rock. This theory was proved by Chaki et al in a study of thermal damage 
of rocks revealing that open porosity increases with temperature, the microscopic examination showed some cracks 
appearing at the surface of the samples [26]. 
Regarding the mechanical properties, the uniaxial compressive strength (σC) is one of the important factors 
influencing rocks thermal conductivity. It should be noted that this property rises with increasing rocks uniaxial 
compressive strength; this study was carried out by Singh and al [27] to predict the thermal conductivity of rock 
through physico-mechanical properties. Further, thermal conductivity is one of the important criteria which define 
the optimal material storage as found by Ismail and Stuginsky [13].  
Table 4 shows the result obtained. The rocks studied don’t present notable difference in the physical properties. 
They generally have a low open porosity (between 0.2 and 1.17%), also a low water absorption (between 0.07 and 
0.43%), and thus, the oil penetration is prevented. In addition, they present a high density (between 2.5 and 3 g/cm3) 
that will allow to increase the thermal capacity of energy storage according to the work of Aly and Sharkawy which 
aims to study the effects of storage media properties [14]. 
The quartzite and granite show the highest compressive resistance of about 150 to 170 MPa and 140 to 200 MPa 
respectively. The results of these tests are in good agreement with the hardness of the rocks which was estimated 
 SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 L.I Total 
Grt 69.74 0.62 14.30 4.05 0.06 0.82 1.71 3.18 4.74 0.13 0.87 100.25 
Blt 47.27 2,12 17.46 10.92 0.28 1.83 13.39 3.08 1.02 0.25 0.37 98.99 
Qtz 94.50 - 1.0 0.5 0.6 0.3 0.3 0.7 1.3 - 0.8 100.00 
Mar 0.76 - 1.10 0.4 - - 54.75 - - - 43.05 100.06 
Hor 63.40 1.13 21.70 6.0 - 1.59 0.12 0.30 3.36 0.11 2.29 100.00 
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during the petrographic study through its constituent minerals and also with literature given in the first part of the 
storage material description. 
Table 4. Physical and mechanical properties measurements.  
 Grt Bst Qzt Mar Hor 
Porosity (%) 0.2 0.81 0.77 0.45 1.17 
Density ρ (kg m-3) 2820 3020 2570 2680 2740 
Water absorption (%) 0.07 0.27 0.30 0.17 0.43 
σC (MPa) 150 - 170 70 - 90 140 - 200 70 - 100 60 - 80 
 
x Thermal study 
- Thermogravimetric analysis (TGA)  
 
Thermogravimetric analysis points out that only the granite and marble have lost weight at high temperature of 
about 3.3 and 2.9% respectively as seen in Figure 4. Based on petrographic examination, it can be noted that granite 
is composed of some minerals (biotite) containing hydroxyl bonds which broke at high temperature, leading to a 
weight loss later. Marble is composed predominantly of CaCO3 and its loss can be explained by the escape of CO2 
during heating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Thermogravimetric analysis curves 
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- Differential scanning calorimetry (DSC) 
 
Heat capacity Cp at constant pressure was determined in the temperature range between 20- 400°C for each rock 
sample using a dynamic differential heat flow calorimeter (DSC). Table 5 shows the values of these measurements 
for different rocks that were studied at a temperature of about 300°C. The measured heat capacity ranges from 622 
to 948 J kg-1K-1. The basalt and marble have relatively high capacities (948 and 931 J kg-1K-1), followed by the 
hornfels and quartzite (877 and 842 J kg-1K-1) and then the granite shows the lowest value (622 J kg-1K-1). These 
values appear consistent with the literature as shown in Table 1. It should be noted that the sample size influences 
the capacity of the rock according to the research of Ueli Schärli and Ladislaus Rybach [28] which was carried out 
to determine the specific heat capacity on rock fragments. Hence, the powdered samples should have a heat capacity 
much lower than the greater size. When heat capacity is related to unit volume rather than to unit mass or unit 
amount of substance it is referred to as volumetric heat capacity or thermal capacity. It can be calculated as the 
product of specific heat capacity c and density ρ as shown in Table 5 or as the ratio of thermal conductivity λ and 
thermal diffusivity κ [29]. Hence, the thermal capacity increases with the thermal conductivity.  
Table 5. Thermal capacity of rocks at high temperature 
 Grt Bst Qzt Mar Hor 
cp at 300°C (J kg-1 K-1)  620 950 840 930 880 
ρ (kg m-3) 2820 3020 2570 2680 2740 
Cp (kJ m-3 K-1) 1750 2870 2160 2490 2410 
 
4. Conclusion 
The physico-chemical and thermal properties are considered as a key for choosing the best material which will 
allow storage of solar energy with more efficiency and ensuring a long lifetime. Some criteria like porosity were 
listed according to the HTF chosen that should be operational and more profitable for the solar power plant. 
The petrographic study was conducted to obtain information on the macroscopic and microscopic structural 
aspects of the rocks. This study showed the conformity of the quartzite which was proved by its compact structure 
formed of nested grain, as well as its mineralogical composition that is rich in quartz. It’s noteworthy that this 
mineral presents a high thermal conductivity compared to other minerals (7W/m K) and this property presents one 
of the important criteria to ensure efficient heat transfer between the thermal oil and the rocks.  
The analysis of physical properties of the tested rocks has demonstrated a high-density (2.5 to 3 g/ cm3). 
Therefore, their porosity is considered unsignificant. Thermogravimetric analysis showed mass losses of granite and 
marble which requires to be removed from the list of varieties studied in order to avoid any damages during storage 
unit operations. Differential scanning calorimetry showed that basalt has the highest heat capacity; nevertheless, it is 
composed of mafic1minerals in the form of very fine and dark grains, which can contaminate the thermal oil used as 
HTF, causing then its corrosion. The hardness evaluation turned out that the quartzite has a very high hardness 
compared to the hornfels and the other rocks. 
Based on the results obtained, it seems that the quartzite satisfies the criteria listed previously and can be used in 
direct contact with thermal oil as the most suitable filler material for energy storage. This rock was identified also by 
Sandia National Laboratories (SNL) which demonstrates that the quartzite appears to be able to endure the molten 
salt environment quite well with no significant deterioration [30]. Some additional work is needed to conclude about 
the compatibility of the rock with thermal oil. Laboratory scale, equipments are installed for testing interaction 
between the materials chosen in order to validate this approach. 
 
 1 Rock rich in magnesium and iron  
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Appendix 
- Granite, grainy texture, Plagioclase (Pl) in polysynthetic twins- Feldspar (Fk) in subhedral crystals- Quartz (Qz) is 
anhedral in shape and is found in the interstices between crystals. Biotite (Bi) is present with a brown color, flaky 
and shreds outline containing some inclusions of zircon; Accessory minerals are found there such as apatite, zircon, 
ilmenite, hematite, chlorite...  
- Basalt, Microlithic and porphyritic texture, Plagioclase (Pl) microlites in a background with calcic composition 
Plagioclase laths in porphyritic phase with polysynthetic macle and pyroxene crystals (Px) which present the tints of 
high polarization - Small amount of glass (non-crystalline material) and accessory minerals such as opaque (Op). 
- Quartzite, Granoblastic texture, Quartz crystals are anhedral to extinction generally ondulente, present with an 
appearance very welded - besides quartz grains, few dominant plagioclases exist and some opaque grains (including 
iron oxides) 
- Marble, Granoblastic texture, Calcite (Ct) and dolomite (Do) recrystallized in contiguous crystals - Some 
accessory minerals such as opaque (titanium or sulfides such as pyrite), diopside (pyroxene) or forsterite 
(magnesium peridot). 
- Hornfels, Granoblastic texture. Quartz (Qz), Feldspar and Muscovite (Ms). Chlorite (Ch) green oriented in small 
bundle - Andalusite with clear appearance and a few spots of ovoid shape and whitish color of cordierite (Cd) - 
Some accessory minerals are also present such as oxides, zircon and apatite. 
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